In the present study, a rotational piezoelectric (PZT) energy harvester has been designed, fabricated and tested. The design can enhance output power by frequency up-conversion and provide the desired output power range from a fixed input rotational speed by increasing the interchangeable planet cover numbers which is the novelty of this work. The prototype ability to harvest energy has been evaluated with four experiments, which determine the effect of rotational speed, interchangeable planet cover numbers, the distance between PZTs, and PZTs numbers. Increasing rotational speed shows that it can increase output power. However, increasing planet cover numbers can increase the output power without the need to increase speed or any excitation element. With the usage of one, two, and four planet cover numbers, the prototype is able to harvest output power of 0.414 mW, 0.672 mW, and 1.566 mW, respectively, at 50 kΩ with 1500 rpm, and 6.25 Hz bending frequency of the PZT. Moreover, when three cantilevers are used with 35 kΩ loads, the output power is 6.007 mW, and the power density of piezoelectric material is 9.59 mW/cm 3 . It was concluded that the model could work for frequency up-conversion and provide the desired output power range from a fixed input rotational speed and may result in a longer lifetime of the PZT. Keywords: piezoelectric; planetary gear; rotational energy harvesting; interchangable planet cover; energy harvester excitation elements
Piezoelectric energy harvesting is one of the novel approaches that has been developed to harvest power for these devices using different types of mechanical sources [4] . Depending on the application, different types of harvesting energies, as well as the handiness of the mechanical power sources, are available most of the time. Mechanical energies such as airflow, vibration, pressing, rotational machine, and human motion are variable frequencies and amplitude energies, which can be called random energies that are available everywhere [5] .
Rotational mechanical energy is one of the important power sources for piezoelectric energy harvesting. Different types of rotational power sources have been used in the past decades for piezoelectric energy harvestings, such as rotational machines [6] [7] [8] [9] [10] , human motion [11, 12] , vehicle tires [13] [14] [15] [16] [17] , and even air, wind and fluids [18] [19] [20] [21] [22] [23] [24] . They have been applied in different applications such as WSNs in any rotary machine [8, 25] , tire pressure-monitoring systems (TPMSs) [26] [27] [28] , wearable devices, and medical implants [29] [30] [31] [32] .
The principle of rotational piezoelectric energy harvesting operation is based on the PZT plucking for excitation, which results in PZT bending, vibration, or pressing, and thus voltage is generated. Researchers have used different excitation elements in rotational piezoelectric energy harvestings, such as mass [28, 31] , magnetic [33] [34] [35] centrifugal force [36, 37] , gravitational force [38] [39] [40] , and gear teeth force [41, 42] or a compilation of these elements [26, 43, 44] . They have also applied these elements to widen the broadband range [14, 45, 46] or for frequency up-conversion [6, 43, 47] and rotational frequency, which is considered to be low in some cases compared to piezoelectric resonant frequency. While these different methods for rotational piezoelectric energy harvesting offer many advantages, they have numerous challenges. These include harvesting the desired output power ranges from a fixed input rotational speed, finding new methods in frequency up-conversion with better results, less force on PZT and hence a longer lifetime, and avoiding using slip ring or any other extra device for power transfer. Using a new source power type, design or method that can achieve these challenges is still desirable.
Most of the previously published papers on rotational piezoelectric energy harvesting area focused on frequency up conversion; however, frequency up conversion methods continues to be enhanced. Hence, rotational power sources, especially for wind, human motion, some rotary machines, and some vehicle tires, are generally considered as low frequencies, compared to PZT frequency. In some cases, the wiring for output power transfer is still an issue because the PZT is rotating with the system and thus a slip ring or any other wireless transfer is needed, which makes the device more complicated [2, 25, 27, [48] [49] [50] . Also, the heavy and rapid repetitive bending or striking on the PZT with the direct excitation contact can be considered an issue because it will reduce its lifetime; however, this can be avoided in different ways [35] .
Using a gear as a rotational mechanical input for piezoelectric energy harvesting excitation has been considered a good and new method. Only a few works have been accomplished using the gear as input in rotational piezoelectric energy harvesting. Juil Park et al. [41] proposed a design where the cantilever free tip was excited by any rotary motion of mechanical devices. Using a mouse gear as the rotary mechanical device, the frequency can be changed from 0 to 800 Hz according to the changes in rotational speed and gear teeth numbers. Further, the output voltage and power generated from the gear model frequency up-converted kinetic energy harvesting device have reached a level of interest for practical applications and could be easily increased using multiple cantilevers within a single gear [51] . Energy harvesting is produced from an impact by using a piezoelectric Micro-Electro-Mechanical Systems (MEMS) scavenger. Useful electrical power is generated by the impact of the rotating gear on the MEMS piezoelectric transducer [52] . Moreover, Janphuang et al. [53] conducted an experiment where the results revealed that free vibrations of the harvester after plucking contributed significantly to the power efficiency. The efficiency and output energy can be greatly improved by adding a proof mass to the harvester. Yang et al. [54] proposed a gullwing-structural piezoelectric energy harvester that consists of two typical non-linear buckled-bridges to scavenge low-frequency rotational energy based on a gear mechanism induced oscillation. This design is promising for self-powered sensors, especially Energies 2020, 13, 223 3 of 25 at changeable and low frequency, such as tire pressure monitoring. However, as far as the authors are concerned, no research has been done using the planetary gear. Also, the PZT lifetime, wiring, and getting the desired output power from a fixed input rotational speed have not been clearly studied.
The novelty of this work is to design, fabricate, and test a compact frequency up-conversion energy harvester that can harvest sustainable energy in broad range frequencies. This work is inspired from previous studies (that use normal gear), but with an enhanced gear design (planetary gear), which has less effect on the PZT and its primary system. The planetary gear design can harvest energy using a piezoelectric cantilever. The advantage of this study design over the previous designs that use a standard gear [41, 51, 52, 55] is that it uses interchangeable planet covers so that it will have the ability to provide the desired output power range from a fixed input rotational speed, thus, by increasing the planet cover numbers without the need to increase the input speed, use of multiple PZT cantilevers, or increase the PZT pressing force. Moreover, it could be applied in any rotational machine such as a steam turbine with a pump for powering WSNs. Also, the PZT will be gently bent by the pressing of planet teeth gear, due to the way the planet gear moves in the planetary gear system, and this may result in a longer life-time for PZT. The wiring will not be an issue; there is no need for a slip ring or any other wireless device to transfer output power because the PZT will be fixed and will not rotate with the system.
Many applications can be suggested to apply this piezoelectric energy harvester prototype due to its properties, such as when it is connected to any rotational source that runs with variable speeds such as steam turbine or wind rotational source; moreover, it could be used in human motion energy harvesting with a more compact design.
Theory and Analytical Equation

Planetary Gear System
The planetary gear is a unique gear system that offers features such as a compact size and speeds variation. Planetary gear contains four core parts: ring gear, sun gear, planet gears, and the carrier that connects the planet gears. Calculating the planetary gear ratio may look daunting; however, the system single-axis nature will make it easy.
Gear Relationship in the Planetary Gear System
To determine teeth numbers and arrange them based on the sun gear, planet gear, and ring gear, three conditions must be satisfied by these parameters as follows [56, 57] :
The 1st condition is given by Equation (1):
where Nr, Ns, and Np are the number of teeth for the ring gear, sun gear, and planet gear, respectively. This condition is important for matching the gear center distances. Since this condition works for a standard gear system, varying the teeth number is possible using the design of a shifted gear. To use the profile of the shifted gear design, it is important that the center distance between the sun and the planet gears (c 1 ) matches the other center distance (c 2 ), where c 1 = c 2 . The 2nd condition is given by Equation (2):
This condition is important to ensure equal spacing of planets gears around the sun gear. Further, if it is required for uneven planet gear placement, then Equation (3) can be used:
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where θ is half of the angle between the adjacent planet gears. The 3rd condition is given by Equation (4):
This condition is important to make sure that the adjacent planet gears can run with no interference between each other. Moreover, this is for a standard gear design that has even planet gear placement, whereas for other cases, the system should follow Equation (5):
where d p : planet gear tip diameter, c 1 : sun and planet gear central distance. Figure 1 shows the diagram of the three conditions.
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Transmission Ratio of the Planetary Gear System
The simple planetary gear set overall ratio can be calculated using Equations (6) and (7) [58] , which represent the interactions of sun planet and planet-ring, respectively:
Ns ωs + Np ωp − (Ns + Np) ωc = 0,
Nr ωr − Np ωp − (Nr − Np) ωc = 0,
where ωs, ωp, ωc, ωr are the angular velocities of the sun gear, planet gears, planet carrier, and ring gear, respectively, and Ns, Np, Nc, Nr are the number of teeth r for the sun, planet, carrier, and ring gear, respectively. From this, Equations (8) and (9) can be deduced;
Ns ωs + Nr ωr = (Ns + Nr) ωc or,
(Nr/Ns) = (ωc − ωs)/(ωr − ωc),
Considering ωr not equal to ωc. The rotation direction and the ratio of transmission in the planetary gear system would change according to which gear is the input and output, and which gear is fixed. This type is the planetary type, which is the same as the case of the proposed study; the ring gear is held fixed (R), the sun gear (S) will be the input, and the carrier (C) will be the output, and transmission ratio can be found by Equation (10) .
Transmission ratio = (1 + Ns/Nr)/Ns/Nr = (Np/Ns) + 1,
Note that the directions of rotation of input and output axes are the same, for example: Ns = 10, Np = 10, Nr = 30; then, the transmission ratio = 4, and this means that the speed of the output (carrier) that affects PZT is ¼ the input speed, which is the sun gear speed.
Piezoelectric Theory
The description of the piezoelectric effect can be shown by the coupled equations [59] [60] [61] , and 
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Note that the directions of rotation of input and output axes are the same, for example: Ns = 10, Np = 10, Nr = 30; then, the transmission ratio = 4, and this means that the speed of the output (carrier) that affects PZT is 1 4 the input speed, which is the sun gear speed.
Piezoelectric Theory
The description of the piezoelectric effect can be shown by the coupled equations [59] [60] [61] , and as in Equations (11) and (12):
Here, T, S, E, and D are mechanical stress, mechanical strain, electric field, and electric displacement (density of charge), respectively. Then, ε T , and s E , are the permittivity of dielectric under a stress of zero or constant (which is indicated by superscript T) and compliance under an electric field of a zero or constant (which is indicated by superscript E). Further, d and dt are the piezoelectric direct and reverse effect matrices, where the superscript t is the transposed matrix. Thus, Equation (11) describes the piezoelectric reverse effect, and Equation (12) describes the direct piezoelectric effect.
The piezoelectric harvester design configurations are as follows. Since this study is mainly about piezoelectric materials that are used in energy harvesting with planetary gears, the following description mainly concerns piezoelectric material such as the sensor case, not the actuator. There are three operation modes in piezoelectric material: d 15 , d 33 , and d 31 , of which d 15 is mostly not suitable to be used in energy harvesting because its relation is based on shear stress. Figure 2a ,b show the two modes, d 33 and d 31 , which are generally used in piezoelectric materials. Each number after d indicates some details. The first one (3) means that the voltage is generated along the z-axis, and this is for both modes. The second number is an indication of the direction of the applied force. This means that in the d 33 mode, the stress effect and generated voltage are in the same direction (z-axis), while in the d 31 mode, which is adopted in this study, the force is applied along the x-axis [61, 62] . 
The piezoelectric harvester design configurations are as follows. Since this study is mainly about piezoelectric materials that are used in energy harvesting with planetary gears, the following description mainly concerns piezoelectric material such as the sensor case, not the actuator. There are three operation modes in piezoelectric material: d15, d33, and d31, of which d15 is mostly not suitable to be used in energy harvesting because its relation is based on shear stress. Figure 2a ,b show the two modes, d33 and d31, which are generally used in piezoelectric materials. Each number after d indicates some details. The first one (3) means that the voltage is generated along the z-axis, and this is for both modes. The second number is an indication of the direction of the applied force. This means that in the d33 mode, the stress effect and generated voltage are in the same direction (z-axis), while in the d31 mode, which is adopted in this study, the force is applied along the x-axis [61, 62] . For the d31 mode, the Equations (11) and (12) can be written as in Equations (13) and (14):
The d31 mode is commonly used for energy harvesters, e.g., for bimorphs, where two piezoelectric layers are attached, as shown in Figure 2 . When the connection is in series, the two layers will be poled in the opposite direction, as presented in Figure 2c . Therefore, when compared to one layer, the current will be the same, the capacitance is half, and the voltage will be doubled. Figure 2d shows the parallel connection, which is used in this study, and it is more favorable because there will be a doubling of capacitance and current while the voltage is the same. However, the types of layer connections are affected only by the current to voltage ratio, not the output power [41, 61] .
Materials and Methods
In this study, a prototype planetary gear has been developed to evaluate its ability to function as a rotational piezoelectric energy harvester. For the d 31 mode, the Equations (11) and (12) can be written as in Equations (13) and (14):
The d 31 mode is commonly used for energy harvesters, e.g., for bimorphs, where two piezoelectric layers are attached, as shown in Figure 2 . When the connection is in series, the two layers will be poled in the opposite direction, as presented in Figure 2c . Therefore, when compared to one layer, the current will be the same, the capacitance is half, and the voltage will be doubled. Figure 2d shows the parallel connection, which is used in this study, and it is more favorable because there will be a doubling of Energies 2020, 13, 223 6 of 25 capacitance and current while the voltage is the same. However, the types of layer connections are affected only by the current to voltage ratio, not the output power [41, 61] .
In this study, a prototype planetary gear has been developed to evaluate its ability to function as a rotational piezoelectric energy harvester.
Fabrication of the Prototype
The energy harvester, which is mainly a planetary gear, consists of 30 teeth ring gears and is held stationary, one sun gear with ten teeth, which has been considered as the input for rotation from the motor, and four planet gears as shown in Figure 3 . Only four planet covers have been used to prove the concept of their effect on optimizing output power. The planetary gear is made of a plastic named acrylonitrile butadiene styrene (ABS) from polymaker.com and was chosen due to its durability and suitability for high-speed application. The planetary gear (and ring gear) is about 100 mm diameter and 71 mm depth (to match the piezoelectric cantilever length). The sun gear diameter is 33 mm, with a depth of 71 mm; each planet gear has a diameter of 33 mm, a depth of 66 mm, and its planet cover is 5 mm, with a total depth of 71 mm. The piezoelectric bending transducer named sealed PZT (S234-H5FR-1803XB) from piezo.com. is made from (Pb-lead, Zr-zirconium, Ti-titanium), and has different layers of copper and Fr4 to make it more sealed and to handle bending and striking. The PZT cantilever is about 71 mm long, 10.4 mm wide, and 0.84 mm thick, all with copper and Fr4 protection layers, while the two PZT material layer dimensions are 46.4 mm long, 6.8 mm wide, with a thickness of 0.25 mm.
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As shown in Figure 3 , the planet gear cover works as an excitation element for PZT. The PZT is fixed on the outer side of ring gear from one end, and a cylindrical tip is attached on the other end; its length will control how much PZT should be bent by the planet gear teeth pressing. The wiring is connected directly from each piezoelectric, and there is no need for a slip ring or any wireless device for power transfer. A circuit has been made for measuring maximum output power, which contains a bridged rectifier for AC-DC conversion, box resistance RS-500W to provide ranges of loads, and an oscilloscope GWINSTEK GDS-2047E for measuring voltage. Output power is obtained by dividing the voltage square over the resistance that is used from the resistance box. An AC oriental motor model was used to rotate the planetary gear at setting speed of 90 r/min to 1500 r/min, which was controlled by the digital speed controller. The fabrications of the planetary gear system have been done using an Ultimaker +2 machine 3D printer that is available in the UPM CAD/CAM laboratory. This machine can perform 3D printing for plastic with high resolution, smooth surfaces, and with high accuracy. 
Experimental Setup and Procedures
Four experiments were conducted to evaluate the ability of the prototype to generate output power under field-simulated rotational machine conditions. Various effects, such as rotational speed, interchangeable planet cover numbers, different distances between PZT and increasing PZT number have been tested with regard to the harvest output power to evaluate the prototype ability to harvest energy. PZT has been tuned by bending it with the planet teeth and the cylinder attached to it. The As shown in Figure 3 , the planet gear cover works as an excitation element for PZT. The PZT is fixed on the outer side of ring gear from one end, and a cylindrical tip is attached on the other end; its length will control how much PZT should be bent by the planet gear teeth pressing. The wiring is connected directly from each piezoelectric, and there is no need for a slip ring or any wireless device for power transfer. A circuit has been made for measuring maximum output power, which contains a bridged rectifier for AC-DC conversion, box resistance RS-500W to provide ranges of loads, and an oscilloscope GWINSTEK GDS-2047E for measuring voltage. Output power is obtained by dividing the voltage square over the resistance that is used from the resistance box. An AC oriental motor model was used to rotate the planetary gear at setting speed of 90 r/min to 1500 r/min, which was controlled Energies 2020, 13, 223 7 of 25 by the digital speed controller. The fabrications of the planetary gear system have been done using an Ultimaker +2 machine 3D printer that is available in the UPM CAD/CAM laboratory. This machine can perform 3D printing for plastic with high resolution, smooth surfaces, and with high accuracy.
Four experiments were conducted to evaluate the ability of the prototype to generate output power under field-simulated rotational machine conditions. Various effects, such as rotational speed, interchangeable planet cover numbers, different distances between PZTs and increasing PZT numbers have been tested with regard to the harvest output power to evaluate the prototype ability to harvest energy. PZT has been tuned by bending it with the planet teeth and the cylinder attached to it. The maximum piezoelectric amplitude is 10 mm, as stated by the manufacturers, but to ensure that the PZT will work for a long time without being damaged, 5 mm has been chosen as a distance displacement for maximum bending, Figure 4 below shows the PZT bending sequence.
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In order to ensure that the optimum power peak cannot be missed, the circuit external resistance (RL) must be equal to the prototype internal resistance (RS), defined as impedance matching, according to the maximum power transfer theorem [63, 64] . Prototype internal resistance is calculated by Equation (15).
where c is the internal capacitance of the prototype which changes as the PZT number increases, and f Figure 4 describes the sequences of PZT smooth bending by the planet gear cover tooth named No. 1, and the arrow shows how much the PZT will be bend at each stage. According to the way the planet gear will move in the planetary gear system, the contact between gears and PZT will be smooth, and thus less tear and wear will occur. The different stages in Figure 4 can be illustrated as follows: (a) the whole prototype with tooth no. 1 that will bend the PZT, (b) the PZT before been bent by tooth no. 1, (c) the PZT when tooth no. 1 starts to bend it, (d) when tooth no. 1 fully bends it, (e) the PZT when tooth no. 1 starts to release it, and (f) the PZT after tooth no. 1 finishes bending it.
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where c is the internal capacitance of the prototype which changes as the PZT number increases, and f is the bend per second (frequency). The theoretically calculated resistance is approximate; therefore, an experiment attempt has been made to measure the optimum resistance. A range of DC voltage with regard to different loads has been measured in order to obtain the optimum resistance. The voltage is measured for different values of resistances, and the power is calculated using Equation (16)
where V is the voltage measured by the oscilloscope, and R L is the resistance from the resistance box. The calculated power versus the values of resistance has been plotted for different rotational speeds and planet cover numbers to find the optimum resistance corresponding to maximum output power, and it is close to the theoretical value.
The electric circuit has been made to measure the output voltage, and it contains a bridge rectifier to change electricity from AC to DC and resistance from the resistance load box, which could supply several ranges of loads to the circuit. A commercial bridge rectifier has been used with an efficiency of 81.2%, as stated by the supplier. The experimental test shows that the bridge rectifier efficiency ranges from 62% to 75% at different rotational speeds and input loads. However, the efficiency of the rectifier at optimum resistance at different rotational speeds ranges from 70% to 73%. Figure 5 shows the circuit diagram which has been used for this experiment. The calculated power versus the values of resistance has been plotted for different rotational speeds and planet cover numbers to find the optimum resistance corresponding to maximum output power, and it is close to the theoretical value.
The electric circuit has been made to measure the output voltage, and it contains a bridge rectifier to change electricity from AC to DC and resistance from the resistance load box, which could supply several ranges of loads to the circuit. A commercial bridge rectifier has been used with an efficiency of 81.2%, as stated by the supplier. The experimental test shows that the bridge rectifier efficiency ranges from 62% to 75% at different rotational speeds and input loads. However, the efficiency of the rectifier at optimum resistance at different rotational speeds ranges from 70% to 73%. Figure 5 shows the circuit diagram which has been used for this experiment. 
Effect of Rotational Speed
The first experiment discusses the rotational speed effect; the rotation speed affects the output voltage and thus, the output power. The rotational speed represents the frequency with which the PZT will be consequently bent. The motor digital speed controller controls these rotating speeds. To prove the concept of their effects, five rotational speeds are used: 300, 600, 900, 1200, and 1500 rpm.
Effect of Planet Cover Numbers
Different numbers of planet covers have been implemented in the second experiment. The planet cover numbers represent acceleration. To prove their effect on the output voltage and thus on the output power, one, two, and four planet covers were used with one rotation speed each time to evaluate the ability of harvesting under different ranges of output power without increasing the rotation speed. The planet cover is interchangeable, and it is elementary to change it, as shown in Figure 6 . The value of output voltage is measured, and the output voltage and power are calculated accordingly and considered as parameters of performance to compare each variable. 
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Effect of Planet Cover Numbers
Different numbers of planet covers have been implemented in the second experiment. The planet cover numbers represent acceleration. To prove their effect on the output voltage and thus on the output power, one, two, and four planet covers were used with one rotation speed each time to evaluate the ability of harvesting under different ranges of output power without increasing the rotation speed. The planet cover is interchangeable, and it is elementary to change it, as shown in Figure 6 . The value of output voltage is measured, and the output voltage and power are calculated accordingly and considered as parameters of performance to compare each variable. In Figure 7 , the three cases of planet cover numbers (one, two, and three) are shown. It can be seen in all figures that when there is no planet cover, the planets will rotate, and there is no effect on PZT, and it will not bend at all. On the other hand, if there is any planet-cover fix on the planet, whenever it rotates, there will be a bending force on the PZT by the planet teeth. 
Effect of Distance between PZTs
In the third experiment, the distance between PZTs has been tested. To see if the different distance between PZTs influences output power, due to the change in timing of bending for each one with the use of different planet numbers. Since the piezoelectric width is 10.4 mm with some spaces of (0.56 mm) between each cantilever and the one next to it, 30 piezoelectric cantilevers could be put all around the ring gear with a width of 11.52 mm of each one. Therefore, after dividing by four, since there are only four-planet covers, the seven cantilevers can be used in each quarter with the ability of a repeated bending force from the first planet cover and the one thereafter. Therefore, seven options of angular distances have been chosen to be tested between two cantilevers, which are 12, 24, 36, 48, 60, 72, and 84 degrees, as shown in Figure 8 , using the maximum output from experiments 1 & 2, which are four-planet covers and 1500 rpm. In Figure 7 , the three cases of planet cover numbers (one, two, and three) are shown. It can be seen in all figures that when there is no planet cover, the planets will rotate, and there is no effect on PZT, and it will not bend at all. On the other hand, if there is any planet-cover fix on the planet, whenever it rotates, there will be a bending force on the PZT by the planet teeth. In Figure 7 , the three cases of planet cover numbers (one, two, and three) are shown. It can be seen in all figures that when there is no planet cover, the planets will rotate, and there is no effect on PZT, and it will not bend at all. On the other hand, if there is any planet-cover fix on the planet, whenever it rotates, there will be a bending force on the PZT by the planet teeth. 
In the third experiment, the distance between PZTs has been tested. To see if the different distance between PZTs influences output power, due to the change in timing of bending for each one with the use of different planet numbers. Since the piezoelectric width is 10.4 mm with some spaces of (0.56 mm) between each cantilever and the one next to it, 30 piezoelectric cantilevers could be put all around the ring gear with a width of 11.52 mm of each one. Therefore, after dividing by four, since there are only four-planet covers, the seven cantilevers can be used in each quarter with the ability of a repeated bending force from the first planet cover and the one thereafter. Therefore, seven options of angular distances have been chosen to be tested between two cantilevers, which are 12, 24, 36, 48, 60, 72, and 84 degrees, as shown in Figure 8 , using the maximum output from experiments 1 & 2, which are four-planet covers and 1500 rpm. 
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Effect of Increasing the PZT Number
Since using multiple PZTs can significantly affect the output power, different numbers of PZTs can be used to see their effect on output power, and this has been done in the fourth experiment. However, after choosing the best angular distance between two cantilevers, three options of piezoelectric cantilevers have been used to prove the concept. One, two, and three PZTs are used to evaluate their effect on output voltage and power, as shown in Figure 9 . In all these cases, the PZT is connected separately to the load and rectifier, and then, the output of DC power is connected in parallel. It was found that the output power from DC output connected in parallel is better than using the series connection [65] . Three circuits have been made, one for each piezoelectric cantilever 
Since using multiple PZTs can significantly affect the output power, different numbers of PZTs can be used to see their effect on output power, and this has been done in the fourth experiment. However, after choosing the best angular distance between two cantilevers, three options of piezoelectric cantilevers have been used to prove the concept. One, two, and three PZTs are used to evaluate their effect on output voltage and power, as shown in Figure 9 . In all these cases, the PZT is connected separately to the load and rectifier, and then, the output of DC power is connected in parallel. It was found that the output power from DC output connected in parallel is better than using the series connection [65] . Three circuits have been made, one for each piezoelectric cantilever separately. Each circuit contains a bridge rectifier, and all the circuits are connected to the resistance load box to put several rings of the load in the circuit. Further, the circuits are connected in parallel.
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Effect on the Primary System
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From the above equations, the force (F r ) exerted on ring gear teeth and PZT is calculated. The required force that will be needed to bend the PZT was calculated, based on which PZT needs 0.522 N for each mm of bending. Thus, the force reduction percentage can be calculated.
Also, an experimental verification has been done using a laser tachometer to indicate how much the PZT will affect the primary system (planetary gear), and the reduction in the speed percentage when adding the PZT.
Modeling and Simulation
The finite element method with the COMSOL multi-physics program was used in model simulation for the system. For model simulation, the component node has been considered as a fundamental model part that contains geometry, and it is associated with the physical condition, variables, mesh, and definitions. The model that has been chosen for this study is the frequency domain, and the study node contains all the nodes that define how to solve the model.
Simulation results for evaluating the effect of rotating speed and the planet cover effect on output power are obtained to compare with the experiment results. The rotating speed that is illustrated in this study is a five rotating speed. The frequencies that affect the piezoelectric cantilever regarding planetary gear speed are 1.25, 2.5, 3.75, 5 and 6.25 Hz, and the output voltage that has been found in the simulation regarding the speed is mentioned in the results section.
For the simulation of the planet cover number effect, the acceleration that was used in the simulation and represents different planet cover numbers for different rotational speeds is measured using a laser vibrometer from national instruments. The measured acceleration and output voltages, which are shown in the simulation due to changes in planet cover numbers, are shown in the results section.
Results and Discussion
Four experiments have been done to evaluate their effect on enhancing the piezoelectric energy harvester output voltage and power. The results of the four experiments are depicted as follows.
Effect of Rotational Speed
Increasing rotational speed raises the output power due to the frequency increasing in the piezoelectric. The influence of rotational speed increases with respect to voltage, and the output power has been plotted to show its effectiveness. Figure 11 shows the voltage plotted for each speed with respect to the planet numbers. Table 1 shows the experimentally measured voltage for DC with no load for each speed and for three cases of planet numbers. It was displayed in the table that the no-load DC voltage increases with an increase in rotational speed. In Figure 11 , the voltage amount increases with the increase in rotational speed (frequency) for the three planet covers cases. However, the plot for the trend of the curve of each speed almost linearly increases as resistance increases until it reaches the DC voltage (measured with no load). Then, its increment becomes very small. Figure 12 shows the effect of rotational speed on the output power for various rotational speeds with different planet cover number cases. The optimum resistance is labeled together with its maximum power for each case. Different ranges of the motor rotation speed are implemented: 300, 600, 900, 1200 and 1500 rpm, which represent the piezoelectric input frequencies of 1.25, 2.5, 3.75, 5 and 6.25 Hz, respectively, as the input frequency that reaches the piezoelectric. In Figure 11 , the voltage amount increases with the increase in rotational speed (frequency) for the three planet covers cases. However, the plot for the trend of the curve of each speed almost linearly increases as resistance increases until it reaches the DC voltage (measured with no load). Then, its increment becomes very small. Figure 12 shows the effect of rotational speed on the output power for various rotational speeds with different planet cover number cases. The optimum resistance is labeled together with its maximum power for each case. Different ranges of the motor rotation speed are implemented: 300, 600, 900, 1200 and 1500 rpm, which represent the piezoelectric input frequencies of 1.25, 2.5, 3.75, 5 and 6.25 Hz, respectively, as the input frequency that bends the piezoelectric. In Figure 11 , the voltage amount increases with the increase in rotational speed (frequency) for the three planet covers cases. However, the plot for the trend of the curve of each speed almost linearly increases as resistance increases until it reaches the DC voltage (measured with no load). Then, its increment becomes very small. Figure 12 shows the effect of rotational speed on the output power for various rotational speeds with different planet cover number cases. The optimum resistance is labeled together with its maximum power for each case. Different ranges of the motor rotation speed are implemented: 300, 600, 900, 1200 and 1500 rpm, which represent the piezoelectric input frequencies of 1.25, 2.5, 3.75, 5 and 6.25 Hz, respectively, as the input frequency that reaches the piezoelectric. Increasing rotation speed means that the frequency of bending will increase in a specific time, and thus, the output power will increase. By using one, two, and four planet covers, the effect of speed on output power in each case shows that the output power significantly increases with rotation speed increment for different planet cover numbers until it reaches its optimum amount and then starts to decrease, as shown in Figure 12 . The results of the optimum resistance, measured acceleration, output power, and output power increases with the rotational speed increase, and voltage experiment results at optimum resistance compared to simulation results are summarized and presented in Table 2 . Figure 10 shows the level of output power increment related to speed increases for each of the planet cover number cases. The three groups of planet cover numbers are compared here in one figure to see how the speed changes and the effect on optimizing output power for different planet cover numbers. Increasing rotation speed means that the frequency of bending will increase in a specific time, and thus, the output power will increase. By using one, two, and four planet covers, the effect of speed on output power in each case shows that the output power significantly increases with rotation speed increment for different planet cover numbers until it reaches its optimum amount and then starts to decrease, as shown in Figure 12 . The results of the optimum resistance, measured acceleration, output power, and output power increases with the rotational speed increase, and voltage experiment results at optimum resistance compared to simulation results are summarized and presented in Table 2 . Figure 10 shows the level of output power increment related to speed increases for each of the planet cover number cases. The three groups of planet cover numbers are compared here in one figure to see how the speed changes and the effect on optimizing output power for different planet cover numbers. Figure 13 shows how the speed increase significantly affects the output power and increases it for all planet cover number cases. Also, in Table 2 , it is shown that almost all the simulation voltage results are similar to the results obtained from the experiment with a range of matching from 88.2% to almost 99%. For the output voltage and power, it can also be seen that whenever speed increases, the output voltage and power increase, and this happens more obviously in four-planet cover cases. If the four planet covers case is taken as an example for output power at 300 rpm, it is 0.170 mW; however, with the use of the speed five times the original one, which is 1500 rpm, the output power increases by 8.74 times that of the original one, and the output power becomes 1.513 mW. Figure 13 shows how the speed increase significantly affects the output power and increases it for all planet cover number cases. Also, in Table 2 , it is shown that almost all the simulation voltage results are similar to the results obtained from the experiment with a range of matching from 88.2% to almost 99%. For the output voltage and power, it can also be seen that whenever speed increases, the output voltage and power increase, and this happens more obviously in four-planet cover cases. If the four planet covers case is taken as an example for output power at 300 rpm, it is 0.170 mW; however, with the use of the speed five times the original one, which is 1500 rpm, the output power increases by 8.74 times that of the original one, and the output power becomes 1.513 mW. 
Effect of Planet Cover Numbers
Increasing planet cover numbers increases the output power due to the acceleration increasing on the piezoelectric. The influence of planet cover numbers increases with respect to voltage, and the output power has been plotted to show its effectiveness. The test is kept running to obtain the optimum power with regard to optimum resistance and voltage. Figure 13 shows the voltage plot for each planet cover number with respect to rotational speed. Table 3 shows the experimentally measured voltage for DC with no load for each planet number case and for different speeds. The table shows that the no-load DC voltage increases as the planet cover number increases. Figure 14 , the voltage amount increases as the planet cover number increases (acceleration) for the five rotational speeds. However, the plot for the trend of the curve of each planet cover almost gradually rises with the resistance increase until it reaches the DC voltage (measured with no load), 
Increasing planet cover numbers increases the output power due to the acceleration increasing on the piezoelectric. The influence of planet cover numbers increases with respect to voltage, and the output power has been plotted to show its effectiveness. The test is kept running to obtain the optimum power with regard to optimum resistance and voltage. Figure 13 shows the voltage plot for each planet cover number with respect to rotational speed. Table 3 shows the experimentally measured voltage for DC with no load for each planet number case and for different speeds. The table shows that the no-load DC voltage increases as the planet cover number increases. In Figure 14 , the voltage amount increases as the planet cover number increases (acceleration) for the five rotational speeds. However, the plot for the trend of the curve of each planet cover almost gradually rises with the resistance increase until it reaches the DC voltage (measured with no load), after which its increment is very small. Figure 15 shows the effect of planet cover number increases for various planet cover numbers with different rotating speeds on output power. The optimum resistance is labeled together with its maximum power for each case. Three variables are used for planet cover numbers; one, two, and four planet covers are implemented for each speed to prove their effect on output power increases. after which its increment is very small. Figure 15 shows the effect of planet cover number increases for various planet cover numbers with different rotating speeds on output power. The optimum resistance is labeled together with its maximum power for each case. Three variables are used for planet cover numbers; one, two, and four planet covers are implemented for each speed to prove their effect on output power increases. Increasing planet cover numbers means that the acceleration and bending will increase at a particular time, and thus, the output power will increase. In all three planet covers cases with different rotational speeds, whenever the planet cover numbers increase, the output power increases, until it reaches its optimum amount and then starts to decrease, as shown in Figure 15 . The results of optimum resistance, measured acceleration, output power, and output power increasing as the planet cover number increases and comparison of optimum experimental voltage with simulation voltage, are summarized and presented in Table 4 . Figure 16 shows the level of output power increases related to the planet cover number increment for different rotational speed cases. Five groups of each rpm are compared to see how the planet cover numbers change and the effect on output power optimization with the use of different rotational speeds. Increasing planet cover numbers means that the acceleration and bending will increase at a particular time, and thus, the output power will increase. In all three planet covers cases with different rotational speeds, whenever the planet cover numbers increase, the output power increases, until it reaches its optimum amount and then starts to decrease, as shown in Figure 15 . The results of optimum resistance, measured acceleration, output power, and output power increasing as the planet cover number increases and comparison of optimum experimental voltage with simulation voltage, are summarized and presented in Table 4 . Figure 16 shows the level of output power increases related to the planet cover number increment for different rotational speed cases. Five groups of each rpm are compared to see how the planet cover numbers change and the effect on output power optimization with the use of different rotational speeds. Energies 2020, 13 Figure 16 shows the effect of the planet cover number increase on output power, which increases for all rotational speed cases. Also, in Table 4 , it is shown that all voltage results from the simulation Energies 2020, 13, 223 19 of 25 are similar to the results obtained from the experiments with a range of matching from 88.2% to almost 99%. For increasing the planet cover numbers, it can be shown that whenever planet cover numbers increase, the output voltage and power increase, and this happens more obviously in the 1500 rpm speed case. If the case of 1500 rpm is taken as an example, the output power for one planet is 0.414 mW; when two planet covers are used, the output power increases to 1.62 times that of the original value and becomes 0.673 mW. When four planet covers are used, the output power is 1.513 mW, with an increase of 3.65 times the original value. Figure 17 shows the effect of using different angular distances between piezoelectric cantilevers on optimizing output voltage and power for different distances. It was concluded from experiments one and two that the maximum rotation speed (1500 rpm) and the use of four planet covers has the maximum influence on energy harvesting output power. However, multiple piezoelectric cantilevers are examined to see their effect on optimizing output power. For this purpose, first, the distance between the piezoelectric transducer must be examined with different angular distances to find the best distance for optimum output power.
Effect of Distance between PZTs
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Effect of Increasing the PZT Number
After choosing the best angular distance between two cantilevers in experiment 3, the number of PZT number has been tested.
From Figure 18 , it is observed that when using one PZT with 1500 rpm and four planet covers connected to a load of 50 kΩ, the output voltage is 8.7 V with an output power of 1.513 mW. When two PZTs are used, the optimum resistance reduces and becomes 40 kΩ because increasing the PZT number will reduce the optimum load [66] . Moreover, the output voltage becomes 11.7 V, which is not double; however, the output power becomes 3.42 mW. When three cantilevers with optimum resistance of 35 KΩ are used, the produced output voltage is 14.5, but the output power is 6.007 mW, which is more than three times the original value. It is clearly seen from Figure 17 that using 24 degrees can give the optimum output power compared with other angular degrees, using 1500 rpm and four planet covers, and this is due to the best sequence of repeated bending of the planet covers one after the other on the piezoelectric cantilever. Moreover, this will change as the planet cover numbers change (angular distance between them) and with the PZT width (how many PZTs can be fitted all around the ring gears).
After choosing the best angular distance between two cantilevers in experiment 3, the number of PZTs number has been tested.
From Figure 18 , it is observed that when using one PZT with 1500 rpm and four planet covers connected to a load of 50 kΩ, the output voltage is 8.7 V with an output power of 1.513 mW. When two PZTs are used, the optimum resistance reduces and becomes 40 kΩ because increasing the PZT number will reduce the optimum load [66] . Moreover, the output voltage becomes 11.7 V, which is not double; however, the output power becomes 3.42 mW. When three cantilevers with optimum resistance of 35 KΩ are used, the produced output voltage is 14.5, but the output power is 6.007 mW, which is more than three times the original value. 
Effect on the Primary System
The results of the analysis of the impact between PZT and teeth gear and consequently on the planetary gear system are presented here. From the Equations (17)- (19) , the force (Fr) exerted on the ring gear teeth and planet teeth was calculated, and it ranged from 6.78 N at 300 rpm to 41.28 N at 1500 rpm. The required force that will be needed to bend the PZT has been calculated; the PZT needs 0.522 N for each mm of bending. The maximum displacement for PZT has been chosen to be 5 mm; however, it does not have enough time to cover this distance due to fast rotation and increasing planet cover numbers. The maximum displacement at 300 rpm is 0.76 mm, and at 1500 rpm, is 0.21 mm from vibrometer measurements, and the required force for bending the PZT ranges from 0.39 N at 300 rpm to 0.1 N at 1500 rpm. The teeth force loses due to PZT bending will be 5.8% at 300 rpm and reduce it to be 0.27% at 1500 rpm, as shown in Figure 19a .
Experimental verification has been done using a laser tachometer to indicate how much the PZT will affect the primary system (planetary gear). It was found that the rotational speed of the planetary gear will reduce when adding the PZT to the system; however, the decrease in speed is insignificant. At 300 rpm, adding the PZT reduces the rotational speed by 0.73%, and this effect keeps reducing whenever speed increases due to the continuity of the system until its reduction reaches 0.166% at 1500 rpm as shown in Figure 19b . 
Comparison with Previous Studies
A comparison has been made with previous studies that used gears as an excitation element, as shown in Table 5 . The table shows a comparison between the input and output of the harvester parameters. It can be seen that the current work has good results in terms of output power and power 
Effect on the Primary System
The results of the analysis of the impact between PZT and teeth gear and consequently on the planetary gear system are presented here. From the Equations (17)- (19) , the force (F r ) exerted on the ring gear teeth and planet teeth was calculated, and it ranged from 6.78 N at 300 rpm to 41.28 N at 1500 rpm. The required force that will be needed to bend the PZT has been calculated; the PZT needs 0.522 N for each mm of bending. The maximum displacement for PZT has been chosen to be 5 mm; however, it does not have enough time to cover this distance due to fast rotation and increasing planet cover numbers. The maximum displacement at 300 rpm is 0.76 mm, and at 1500 rpm, is 0.21 mm from vibrometer measurements, and the required force for bending the PZT ranges from 0.39 N at 300 rpm to 0.1 N at 1500 rpm. The teeth force loses due to PZT bending will be 5.8% at 300 rpm and reduce it to be 0.27% at 1500 rpm, as shown in Figure 19a . 
Comparison with Previous Studies
A comparison has been made with previous studies that used gears as an excitation element, as shown in Table 5 . The table shows a comparison between the input and output of the harvester parameters. It can be seen that the current work has good results in terms of output power and power Experimental verification has been done using a laser tachometer to indicate how much the PZT will affect the primary system (planetary gear). It was found that the rotational speed of the planetary gear will reduce when adding the PZT to the system; however, the decrease in speed is insignificant. At 300 rpm, adding the PZT reduces the rotational speed by 0.73%, and this effect keeps reducing whenever speed increases due to the continuity of the system until its reduction reaches 0.166% at 1500 rpm as shown in Figure 19b .
A comparison has been made with previous studies that used gears as an excitation element, as shown in Table 5 . The table shows a comparison between the input and output of the harvester parameters. It can be seen that the current work has good results in terms of output power and power density. All these studies use rotational machine (gears) as a mechanical power source, and the PZT does not rotate with the system, and thus direct wiring will be used for output power transfer. 
Conclusions
Only a few works have been done on rotational piezoelectric energy harvesting using gears, and to the best of the authors' knowledge, there is no research on piezoelectric energy harvesting using planetary gears. As a result, a laboratory prototype has been designed and fabricated to evaluate the performance of rotational piezoelectric energy harvesting using planetary gears. This compact design is able to operate with different ranges of speed and gives different ranges of output power from a fixed rotational speed.
Different variables have been tested through four experiments to find their influence on the output voltage and power. It has been found that increasing rotational speed can increase the output power, such as for a design with four planet gears along with different ranges of rotating speeds: 300, 600, 900, 1200, and 1500 rpm, for which the output powers are 0.17, 0.404, 0.81, 1.0812, and 1.513 mW, respectively. However, increasing the numbers of planet covers can increase the output power without increasing the rotational speed, pressing force, or any other excitation element. For increasing the planet cover number using one, two, and four planet covers, the output power is 0.414, 0.673, and 1.513 mW, respectively, at 1500 rpm. Also, increasing the PZT number increases the output power. However, after testing different distances between the PZT, it was found that a distance of 24 angular degrees between two PZTs can give the optimum output power. By using one, two, and three PZTs with 50, 40, and 35 kΩ, the output voltages are 8.7, 11.7, and 14.5 V, respectively, and the output powers are 1.513, 3.422, and 6.007 mW, respectively. The power density of PZT material is 0.00959 mW/mm 3 . This design can bend PZT smoothly due to the nature of planet gear moving in the planetary gear system. Also, the wiring will not cause any issue, whereas some rotational energy harvesters need a slip ring, bluetooth or any other wireless connection for output power transfer; the ring gear that PZT is fixed on will be held stationary, and the wiring will be connected directly.
In future work, a magnetic force can be used to optimize the output power and to avoid direct contact between planet teeth and PZT. Moreover, increasing the planet cover number will lead to an increase in output power. Also, the utilization of compound planetary gear for frequency up-conversion will be useful, mainly when it is applied in low-frequency applications.
